Background {#Sec1}
==========

An enormous amount of bioactivity data is already publicly available \[[@CR1]\] and, even in academia, chemical biology and medicinal chemistry research tremendously increases bioactivity data every day. Due to advancements in technology, chemistry and biology, high-throughput screens are now applicable for a broad scientific community. Hence, the challenges in drug discovery shifted from the gathering of data to an organization and analysis issue regarding the wealth of data. Most notably, the discovery of meaningful patterns hidden in the data is a crucial and time-consuming part in recent pharmaceutical research. The underlying cheminformatics processes such as data handling, filtering or clustering can now be performed by scientists using open-source tools even without expert knowledge of the methods employed \[[@CR2]\].

Scaffold Hunter is such a chemical data organization and analysis tool and it has been continuously enhanced since the start of its development in 2007. The platform-independent open-source tool was first released in 2009 \[[@CR3]\] and provided an interactive visualization of the so-called *scaffold tree*, which is a hierarchical classification scheme for molecules based on their common scaffolds \[[@CR4]\]. Since then, Scaffold Hunter was largely redesigned in order to support improved data integration and modular expandability and has progressively evolved into a flexible and comprehensive visual analytics framework for chemical compound data. The software is no longer limited to one specific analysis and visualization technique, but includes multiple interconnected views with consistent interaction mechanisms in a single user-friendly software \[[@CR5], [@CR6]\]. Along with this development, the scaffold tree view has been supplemented by a spreadsheet view, a plot view, and a dendrogram view based on sophisticated clustering techniques. Today, Scaffold Hunter supports a wide range of analysis tasks independent from the underlying molecular scaffolds, while scaffold based approaches still remain an integral part of the software. Scaffold Hunter allows the user to quickly switch between different representations of the same underlying data and to synchronize analysis results between these views. Therefore, Scaffold Hunter enables the user to choose the right representation for each task in the analysis process.

Most recently, three novel interactive visualizations were added to the framework. Two of these visualization techniques are based on the concept of scaffolds. The tree map view, see section "[Tree map view](#Sec10){ref-type="sec"}", provides a complementary space-filling representation to the established scaffold tree view. The molecule cloud view, see section "[Molecule cloud view](#Sec11){ref-type="sec"}", is based on the concept of Ertl and Rohde \[[@CR7]\] and represents compound sets in a compact manner by their common scaffolds arranged in a cloud diagram. Our implementation extends the originally static concept of molecule clouds to an interactive view, which supports, among others, dynamic filtering and semantic layout techniques. Lastly, the heat map view, see section "[Heat map view](#Sec12){ref-type="sec"}", combines a matrix visualization of property values with hierarchical clustering to support the user in revealing relations between compounds and their properties.

Related work {#Sec2}
------------

Several other software tools exist that address the challenges regarding the organization and analysis of chemical and biological data. Early tools such as Spotfire \[[@CR8]\] were not originally developed to analyze these kinds of data, but are often applied to compound datasets. Simultaneously, workflow environments such as the Konstanz Information Miner (KNIME) \[[@CR9]\], Pipeline Pilot \[[@CR10]\] or Taverna \[[@CR11]\] were developed. The basic idea was to enable scientists in the life sciences to perform tasks which are traditionally in the domain of data analytics specialists. KNIME additionally integrates specific cheminformatics extensions \[[@CR12]\]. Some of them focus on the integration of chemical toolkits (e.g., RDKit \[[@CR13]\], CDK \[[@CR14]\], and Indigo \[[@CR15]\]) and some others on analytical aspects (e.g., CheS-Mapper \[[@CR16], [@CR17]\]). CDK is likewise available in Taverna \[[@CR18], [@CR19]\] and Pipeline Pilot can integrate ChemAxon components \[[@CR20]\]. Thus, these tools assist the scientists in their decision making process, e.g., which compounds should undergo further investigation. While these workflow systems facilitate data-orientated tasks such as filtering or property calculations, they lack an intuitive visualization of the chemical space. Hence, it is challenging to evaluate the results and to plan subsequent steps or to draw conclusions from a performed screen. Recently, tools tailored to the specific needs of life scientists in the chemical biology, medicinal chemistry and pharmaceutical domain were developed. These include MONA 2 \[[@CR21]\], Screening Assistant 2 \[[@CR22]\], DataWarrior \[[@CR23]\], the Chemical Space Mapper (CheS-Mapper) \[[@CR16], [@CR17]\] and the High-Throughput Screening Exploration Environment (HiTSEE) \[[@CR24], [@CR25]\]. The last two tools complement the workflow environment KNIME with a visualization node. To the best of the authors' knowledge, HiTSEE is not publicly available at present. Screening Assistant 2, CheS-Mapper and DataWarrior are open-source tools based on Java, which leads to a platform independent applicability. MONA 2 focuses on set operations and is particularly useful for the comparison of datasets and the tracking of changes. DataWarrior has a wider range of features and is beyond the scope of a pure analysis software. For example, it is capable of generating combinatorial libraries. Screening Assistant 2 was originally developed to manage screening libraries, and is able to deal with several million substances \[[@CR22]\]. Furthermore, during import, datasets are scanned for problematic molecules or features of molecules like Pan Assay Interference Compounds (PAINS), which may disturb the assay setup or unspecifically bind to diverse proteins \[[@CR26]\]. CheS-Mapper focuses on the assessment of quantitative structure activity relationship (QSAR) studies. Hence, it facilitates the discovery of changes in molecular structure to explain (Q)SAR models by visualizing the results (either predicted or experimentally determined). CheS-Mapper utilizes the software R \[[@CR27]\] and the WEKA toolkit \[[@CR28]\] to visually embed analyzed molecules in the 3D space. In summary, DataWarrior and CheS-Mapper as well as Scaffold Hunter are able to assist the discovery and analysis of SAR by utilizing different visualization techniques, see Table [1](#Tab1){ref-type="table"}. All three tools use dimension reduction techniques and clustering methods. DataWarrior and Scaffold Hunter support a set of different visualizations in order to cope with more diverse issues and aspects regarding the raw data. Both are able to visualize bioactivity data related to chemical structures smoothly. DataWarrior utilizes self organizing maps, principal component analysis and 2D rubber band scaling to reduce data dimensionality. In contrast, Scaffold Hunter employs the scaffold concept, which provides the basis for the scaffold tree view, the innovative molecule cloud view and the heat map view, which enables the user to analyze multiple properties such as bioactivities referring to different selectivity within a protein family. Altogether, Scaffold Hunter provides an unique collection of data visualizations to solve most frequent molecular design and drug discovery tasks.Table 1Comparison of visualization techniques of cheminformatics software supporting visualizationTechniqueDataWarriorCheS-MapperScaffold HunterPlotYes--YesDim. reductionPCA, 2D-RBS^a^, SOMPCA, MDSMDSSpreadsheetYes--YesClusteringHierarchicalWEKA/R methodsHierarchicalSpecial features2D-RBS^a^3D space, web applicationScaffold concept, collaborative features, fast heuristic clustering \[[@CR29]\]^a^2D rubber band scaling

Methods {#Sec3}
=======

The drug discovery process requires a large amount of time, money and other resources and suffers from a small and decreasing success rate. Although automated computational methods have become standard tools to speed up this process, drug discovery essentially depends on the intuition and expertise of specialists. One important task is the analysis of chemical structures and their bioactivity data. In order to make large datasets accessible to the user, chemical structures must be organized in a meaningful way. Scaffold Hunter enables the user to explore chemical datasets following the concepts of *visual analytics*, which is the science of analytical reasoning facilitated by interactive visual interfaces \[[@CR30]\]. In order to achieve this, Scaffold Hunter combines techniques from several fields such as data mining and information visualization to overcome an information overload caused by the mass of raw data. Visual analytics techniques aim to filter irrelevant information, present the data in a way that is easy to memorize and highlight interesting connections between entities of the data, e.g., molecules or substructures. The knowledge discovery process of the visual analytics approach is contrary to a pipeline from raw data over analysis to visualization. Instead, the goal is to allow the user to interactively explore the data, i.e., to re-adjust visualization and analysis methods in order to establish and verify hypotheses in an iterated process. To this end, Scaffold Hunter supports three core approaches, which complement each other in an analysis workflow: scaffold-based classification, clustering analysis and dimension reduction methods.

Scaffold based approaches {#Sec4}
-------------------------

The scaffold tree algorithm computes a hierarchical classification for chemical compound sets based on their common core structures referred to as *scaffolds*. Essentially, the algorithm proceeds as follows \[[@CR4]\]: Each compound is associated with its unique scaffold that is obtained by cutting off all terminal side chains preserving double bonds directly attached to a ring. Then each scaffold is pruned by a set of deterministic rules in a stepwise fashion by removing a single ring consecutively. These deterministic rules are based on structural considerations with the aim to preserve the most characteristic core structure. The procedure terminates as soon as a scaffold consisting of a single ring is obtained. Typically, multiple molecules in a dataset share a common scaffold, and ancestors generated in the successive process of simplification coincide. The scaffold tree is constructed by merging the scaffolds that occur more than once. Scaffolds that are not directly obtained from any molecule of the collection, but generated by the pruning process, are said to be *virtual*. Virtual scaffolds provide promising starting points for the synthesis or acquisition of compounds complementing the current collection \[[@CR3]\]. For a detailed description of the underlying algorithm the reader is referred to Schuffenhauer et al. \[[@CR4]\].

The concept of scaffolds is fundamental for Scaffold Hunter and forms the basis for several visualizations. This includes the scaffold tree view, see section "[Established views](#Sec9){ref-type="sec"}", which was the central view of the first release of Scaffold Hunter in 2009 \[[@CR3]\]. Recently, two novel visualization techniques based on scaffolds were implemented: the tree map view and the molecule cloud view, see sections "[Tree map view](#Sec10){ref-type="sec"}" and "[Molecule cloud view](#Sec11){ref-type="sec"}", respectively.

Clustering techniques {#Sec5}
---------------------

Clustering is a well-established unsupervised learning technique that serves as an alternative classification scheme to the scaffold based approach. Rather than identifying most characteristic substructures, clustering methods analyze the similarity structure of a dataset and group similar molecules in so-called *clusters* while assigning dissimilar molecules to different clusters. So, clustering methods support the user in various use cases, such as getting an overview over large datasets or analyzing relations between different molecular properties. For example, a clustering based on structural features which aligns with an annotated property indicates the presence of a connection between the used structural features and the property. The unsupervised nature of the clustering method allows the applicability to use cases, where no pre-defined classification scheme exists or the existing classification schemes do not fit the task at hand. Scaffold Hunter provides various similarity measures, that are based on the molecular structure, chemical *fingerprints*, i.e., abstract bitstring representations of a molecule's structural characteristic, or annotated properties and enables the user to cluster a dataset according to different aspects. The resulting hierarchy is often visualized as a so-called *dendrogram*, see Fig. [6](#Fig6){ref-type="fig"}. Although a wealth of different clustering algorithms exists, Scaffold Hunter focuses on sequential agglomerative hierarchical non-overlapping (SAHN) clustering \[[@CR31]\]. In contrast to flat clustering methods, which output a partitioning of the dataset, SAHN methods produce a similarity hierarchy, i.e., they present various flat clusterings with different granularities at once. SAHN methods enable Scaffold Hunter to adjust the clustering granularity interactively without the need to specify a granularity level beforehand. While SAHN methods provide a deep insight into the similarity structure of a dataset, they are computationally demanding for larger datasets. To overcome this burden, Scaffold Hunter provides a fast heuristic SAHN method \[[@CR29]\], which is easily configurable, intuitive to use and applicable to several hundreds of thousands of molecules.

The dendrogram view, see section "[Established views](#Sec9){ref-type="sec"}", and the novel heat map view, see section "[Heat map view](#Sec12){ref-type="sec"}", are both based on SAHN clustering methods.

High-dimensional data visualization and low-dimensional embeddings {#Sec6}
------------------------------------------------------------------

Chemical data is typically high-dimensional, e.g., a large number of numerical properties can be associated with each molecule. Moreover, chemical fingerprints encode the presence or absence of a very large number of structural features \[[@CR32]\]. Therefore, a direct visual inspection of data in such spaces is often not feasible and does not provide any deeper insight into the similarity structure of the data. A straight-forward way to reduce the dimensionality is to manually select a few dimensions (or properties) of interest. For example, a 2D plot maps two molecular properties to the plot's axes and displays the molecules as dots on the plane. The visualization may intuitively reveal relative dissimilarities, clusters of similar molecules and correlations between the properties. The number of displayable dimensions can be increased with the help of different colors, shapes, sizes and rotatable projections. Scaffold Hunter makes extensive use of these possibilities as described in section "[Realization](#Sec7){ref-type="sec"}". However, adequate visualization and perception is still limited to a very low-dimensional space \[[@CR33]\].

In addition to the limited number of dimensions that can be visualized at the same time, not all types of data can be directly represented as finite numerical vectors. For example, there are molecular similarity measures directly defined on the molecular graph structure. In these cases, pairwise similarities are often the only possibility to represent the similarity structure of a dataset. In both situations, i.e., high-dimensional or non-vectorial data, a projection onto a lower dimensional space is desirable for visualization. In general, an isometric embedding, i.e., an embedding that preserves the distances, is not possible. Thus, the major goal in our use case is to preserve the relative distances, such that similar data points are embedded close to each other and dissimilar data points are placed far apart. There are several well-established methods for this task, such as principal component analysis (PCA), self organizing maps (SOM), multi dimensional scaling (MDS) or generative topographic mappings (GTM) \[[@CR34], [@CR35]\]. In the context of semantic word clouds several additional methods---such as Seam Carving, Inflate & Push, Star Forest or Cycle Cover \[[@CR36]\] have emerged, which try to realize a compact representation as a secondary criterion. The novel molecule cloud view described in section "[Molecule cloud view](#Sec11){ref-type="sec"}" is based on these concepts.

Realization {#Sec7}
===========

No single data visualization will satisfy all user requirements independent of the type of data and tasks at hand. Scaffold Hunter thus provides several visualizations, including established techniques from information visualization, as well as visualizations tailored towards the specific requirements of compound analysis. Three novel views are the most preeminent recent innovations of Scaffold Hunter: (i) the tree map view, see section "[Tree map view](#Sec10){ref-type="sec"}", (ii) the heat map view, see section "[Heat map view](#Sec12){ref-type="sec"}" and (iii) the molecule cloud view, see section "[Molecule cloud view](#Sec11){ref-type="sec"}". Before we describe them in detail, we will give a short summary of Scaffold Hunter's architecture in section "[Architecture](#Sec8){ref-type="sec"}" and of the established views in section "[Established views](#Sec9){ref-type="sec"}".

Architecture {#Sec8}
------------

Scaffold Hunter's modular architecture comprises three main building blocks that support data integration, automated analysis, and interactive visualization for use in a cyclic knowledge discovery process, see Fig. [1](#Fig1){ref-type="fig"}. Support for different data import formats, data transformations, and property calculations is realized using a plugin concept, and thus can easily be extended to new formats and properties. The current version of Scaffold Hunter already supports several built-in property calculators, most notably for structural fingerprints. Datasets can be merged and extended by additional data at a later stage, e.g., when new experimental or public information is available. After import the data can be processed and analyzed using filtering, clustering, dimensionality reduction and by applying the scaffold tree approach. The results can then be visualized in any of the interactive views provided by the framework for visual inspection and further selection.Fig. 1The architecture of Scaffold Hunter supports the knowledge discovery process from data integration to data analysis up to interactive visualization of the results. The diagram extends a figure previously published in \[[@CR6]\], recent innovations are highlighted in *red*

The visualizations can be used in combination, which allows the user to profit from their complementary strengths. Linking via a global selection and filtering mechanism facilitates to switch between visualizations, and a flexible subset storage mechanism allows the user to organize the compound set and to either compare different datasets using a single visualization or to analyze different aspects of a single dataset with the help of different types of views. All views support a mapping of compound or scaffold properties to visual cues, e.g., color, and the visualizations can be annotated with comments to support collaboration or persistently store findings generated during the workflow. Detailed information on a scaffold or compound is displayed in tooltip windows that pop up when hovering the mouse over the corresponding element.

Established views {#Sec9}
-----------------

We briefly summarize the established visualizations provided by Scaffold Hunter and refer the reader to our previous publications \[[@CR3], [@CR5], [@CR6]\] for further details.

### Scaffold tree view {#Sec23}

The scaffold tree view allows interactive exploration of the scaffold tree structure described in section "[Scaffold based approaches](#Sec4){ref-type="sec"}". Using a classical radial tree layout for the visualization, this view allows the user to gain an overview on the structure classification hierarchy as well as the distribution of structures within the dataset, and serves as a starting point for the search workflow. Figure [2](#Fig2){ref-type="fig"}a shows the scaffold tree view with a user-defined sorting of the scaffolds based on some scaffold property, as well as a mapping of further properties to the node background color.Fig. 2Close-up of a branch of the scaffold tree (**a**) and multiple linked views (tree, spreadsheet and plot view) showing the same dataset simultaneously (**b**)

### Dendrogram view {#Sec24}

The hierarchy resulting from the clustering techniques described in section "[Clustering techniques](#Sec5){ref-type="sec"}" can be represented by a binary tree and is often visualized as a dendrogram, where the height of each inner node in the tree corresponds to the similarity of the two child clusters, see Fig. [6](#Fig6){ref-type="fig"} for an example. Scaffold Hunter provides a dedicated dendrogram view that realizes an enhanced version of the standard dendrogram visualization, adapted to the requirements of compound analysis. It features a combined dendrogram and spreadsheet configuration that allows a detailed analysis of the clustered molecules within a limited screen estate. The user can interact with the dendrogram view to navigate in the hierarchy and by panning and zooming, and to select a level in the cluster hierarchy for highlighting.

### Molecular spreadsheet and plot view {#Sec20}

Scaffold Hunter also provides a spreadsheet and a plot view to visualize information on the molecules in the database. The spreadsheet view provides detailed molecule information shown in a tabular visualization including molecule properties, as well as their names, SVG-images and user-defined flags. It implements the standard functionalities such as sorting by a user-selected column, reordering of columns, pan and zoom with the minimap, sticky columns, and cell resizing. Annotations such as comments and flags can be changed via the spreadsheet view. The plot view allows the user to visualize relations between molecule properties in 2- and 3-dimensional scatter plots. Beyond the mapping of properties to coordinates, additional properties can be mapped to color or size to allow the user to visualize more than three properties at a time, see Fig. [2](#Fig2){ref-type="fig"}b for an example of a color mapping.

Tree map view {#Sec10}
-------------

The tree map view visualizes the scaffold tree described in section "[Scaffold based approaches](#Sec4){ref-type="sec"}" in a space-filling manner. It provides an alternative to the scaffold tree view and expands the applicability of Scaffold Hunter to use cases for which this view turned out to be less suitable. In contrast to the scaffold tree view, the tree map view does not employ a classical tree layout, where the relation between nodes is represented by edges. Instead, the scaffold tree structure is illustrated by nested rectangles, and each scaffold in the tree is represented by a rectangle. The molecules associated with the scaffold are drawn within this rectangle as structural formulas and the children in the scaffold tree are represented by nested rectangles, see Fig. [3](#Fig3){ref-type="fig"}. This space-filling approach to visualize trees is referred to as *tree map* and was first proposed in \[[@CR37]\]. Compared to the radial layout of the scaffold tree in Fig. [2](#Fig2){ref-type="fig"}a, this approach provides a compact representation making optimal use of the available screen space. Moreover, while the classical scaffold tree view focuses on the scaffolds itself, the tree map view uses the scaffold tree primarily as a hierarchical classification scheme to group molecules by their common scaffolds. As a consequence, the size of an encompassing rectangle directly corresponds to the number of molecules it contains and, thus gives an intuitive impression of the fraction of molecules in the dataset that are related to the associated scaffold. As an alternative, it is possible to scale the depiction of molecules relative to their property values. The size of the encompassing rectangles is adjusted accordingly and the screen space occupied by a subtree reflects its relative importance with respect to the property. For very large datasets, the tree map view optionally displays the leafs of the scaffold tree only instead of the molecules, which reduces the size of representation.Fig. 3The tree map view with property values mapped to *background colors*. Shown are parent scaffolds, the *nested rectangles* represent child scaffolds

Our visualization uses clearly visible shaded frames with title lines and padding to the neighboring rectangles to highlight the nested structure. Furthermore, this makes the background of all rectangles visible, which is used to encode property values by colors just as for the scaffold tree view. When displaying the molecules of a dataset and mapping a property of the molecules to the background color, the encompassing rectangles can be colored according to the average, minimum or maximum value of either all the contained molecules or just those directly associated with the corresponding scaffold. This gives an easily comprehensible impression of the heterogeneity with respect to the selected property at a glance and indicates how well it aligns with the scaffold based grouping. The tree map view allows zooming and supports to pan by grab and drag consistent with all other views. Furthermore, it is possible to focus an encompassing rectangle by clicking on its title. This triggers an animated zooming operation and supports the systematic explorations along branches of the scaffold tree.

Molecule cloud view {#Sec11}
-------------------

The concept of a *molecule cloud* is inspired by the widely used *word clouds* and has been introduced to cheminformatics by Ertl and Rohde \[[@CR7]\] to provide compact diagrams summarizing a collection of molecules. The approach relies on the concept of scaffolds described in section "[Scaffold based approaches](#Sec4){ref-type="sec"}": the elements constituting the molecule cloud are the scaffolds obtained from a set of molecules, whereas each scaffold is scaled according to the number of molecules it represents. These scaffolds are drawn compactly on the plane to form a cloud diagram. To this end, Ertl et al. \[[@CR7]\] proposed a layout algorithm, which first places large scaffolds at the center and then aims at arranging the remaining scaffolds, such that the gaps are filled, see Fig. [4](#Fig4){ref-type="fig"}a. Our realization in Scaffold Hunter extends the original concept by supporting user interaction and semantic layout algorithms, which take molecular similarities into account.Fig. 4A molecule cloud consisting of 81 scaffolds, colored according to qualified $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {AC}_{50}$$\end{document}$ values (*blue*---low, *green*---high). The layout (**a**) places large scaffolds in the center of the cloud, the semantic layout (**b**) is configured to place scaffolds with similar property value close to each other

### Interactive realization {#Sec21}

In Scaffold Hunter an interactive view was developed, which uses the static concept of molecule clouds as a basis. Just like several other existing views the cloud view allows to zoom and pan, which is particularly essential for large datasets. Properties of molecules and scaffolds can be represented by the background color, see Fig. [4](#Fig4){ref-type="fig"}. For this purpose, properties of scaffolds can be computed as the average, minimum or maximum value of all molecules associated with them. The cloud view benefits from the subset concept described in section "[Architecture](#Sec8){ref-type="sec"}" like any other view. In addition, interactive refinement of the molecule cloud is supported by filtering out scaffolds, e.g., according to the number of molecules associated with them or their number of rings. The filter criteria can quickly be adjusted by sliders on the left side bar, which control the minimum and maximum values. The view can be configured to automatically recompute the layout after each filtering step in order to keep the representation as compact as possible and close the emerging unused space. To achieve this efficiently, a new dynamic layout algorithm was developed, which avoids the re-computation from scratch and at the same time aims at preserving the user's mental map. This is achieved by minimizing the change between two different layouts in combination with smooth animated layout transitions.

### Semantic layouts {#Sec22}

Scaffold Hunter supports different layout algorithms for the cloud diagram and the user can switch between them at any time. First, the original layout algorithm kindly provided by Ertl \[[@CR7]\] was integrated. Moreover, layout algorithms from \[[@CR36]\] were incorporated, which were originally proposed for so-called *semantic word clouds*: The key idea of these approaches is to place semantically related words close to each other. In the domain of molecules our goal is to place similar scaffolds close to each other, whereas the user can choose from various similarity measures. These are derived from a specific property (or a set of properties) or obtained by standard cheminformatics techniques such as the Tanimoto coefficient applied to structural fingerprints. The user can quickly switch between different similarity measures giving rise to animated changes of the layout. The effect of the semantic layout algorithms is illustrated in Fig. [4](#Fig4){ref-type="fig"}b, where the same property used to define the background color is also used as basis for the similarity calculation. The scaffolds are arranged such that green scaffolds with a high property value are placed on the left and those with a low value on the right giving the impression of a color gradient, which indicates that the layout preserves the similarities well. However, similarities and distances stemming from high-dimensional data cannot be embedded in the plane without severe distortion, see section "[High-dimensional data visualization and low-dimensional embeddings](#Sec6){ref-type="sec"}". The primary objective was to provide a compact diagram without gaps and to consider similarities only as a secondary criteria. In this respect, our approach differs from many techniques widely-used in cheminformatics \[[@CR34]\] to map high-dimensional molecular data into a low-dimensional space for visualization. Nevertheless, this technique can be particularly useful when the similarity is defined based on structural properties, e.g., obtained from fingerprints, and the background color represents a numerical property of interest, e.g., the biological activity: in this case, the molecule cloud can give hints on the relation between structure and activity. Figure [5](#Fig5){ref-type="fig"} shows a cloud diagram obtained for this setting. The region on the left-hand side is predominantly populated by green scaffolds (high property values), while blue scaffolds (low property values) are placed on the right half of the diagram. However, there are also individual blue scaffolds on the left, which may indicate the presence of so-called *activity cliffs* \[[@CR38]\], i.e., structurally similar molecules with a significant difference in potency. In contrast to the results obtained by clustering, the visualization does not necessarily partition elements into distinct groups, but represents pairwise similarities in an intuitively comprehensible manner.Fig. 5Molecule cloud view with semantic layout: similarities are obtained from the Tanimoto coefficient between ECFP4 fingerprints, the background color represents the property "Hill Sinf" averaged over the associated molecules (*blue*---low, *green*---high)

Heat map view {#Sec12}
-------------

Scaffold Hunter provides a heat map view to show relations between compounds and their properties. Some computer science aspects of the approach have previously been discussed in \[[@CR39]\]. It is best suited to discover (partial) correlations between compound similarity and different properties as well as outliers with respect to compound similarity. A heat map is a visual representation of a 2-dimensional matrix. It is composed of rectangular tiles, colored or shaded, where each tile represents a matrix entry and is positioned in accordance to the matrix indexes. The color of each tile is defined by a mapping of the value of the associated matrix entry. This way of coloring matrices has its roots in the 19th century \[[@CR40]\] and gives a quick graphical overview over the matrix value distribution. The matrix displayed in the heat map view contains property values. Each column of the matrix is associated with a compound and each row with a property.

In order to identify correlations between the compound similarity and the property values, it is important that the matrix is ordered in a way such that similar compounds are close to each other. In this case, correlations can be identified by consecutive tiles with similar colors. Analogously, an appropriate ordering of the properties enables the user to discover correlations between different properties. For this reason, a heat map is often ordered with the help of a dendrogram (see section "[Clustering techniques](#Sec5){ref-type="sec"}") stemming from a hierarchical clustering algorithm. It is important to notice that a dendrogram induces multiple linear orderings that are consistent with its binary tree structure. Neighbors in such an ordering do not need to be similar, especially if they stem from different high level clusters. Depicting the dendrogram beside a heat map therefore reveals important additional information with respect to the similarity structure of the dataset. Figure [6](#Fig6){ref-type="fig"} shows an example of such a situation inside the heat map view of Scaffold Hunter. In order to calculate the similarity of two properties, the heat map rows are interpreted as numerical vectors in the Euclidean space and are clustered using a single link SAHN algorithm \[[@CR29]\]. Missing values get replaced by their expected value with respect to other values of the same property. Thus, it is possible to display a heat map on partially defined properties. The heat map shown in Fig. [6](#Fig6){ref-type="fig"} quickly reveals the correlation of several attributes with respect to the clustering structure. This is indicated by the different average colors for the heat map cells associated with the red and the blue cluster. It also reveals an outlier of the property *Qualified* $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {AC}_{50}$$\end{document}$ value is unexpectedly low for the red cluster.Fig. 6Heat map view showing a clustering based on ECFP4 fingerprints revealing correlations with several activity scores. On the *top* of the heat map it shows a dendrogram, which is the result of the clustering based on structural ECFP4 fingerprints. A two dimensional depiction of the molecular structure is attached to each leaf node of the dendrogram. The *red horizontal line* shows a similarity threshold that separates the dataset into a *red* and *blue* cluster of compounds. On the *right hand side* of the heat map the property names and a dendrogram over their similarity is displayed. A legend for the heat map color mapping is presented on the *left hand side* of the heat map

Scaffold Hunter's heat map view is highly configurable and allows the adjustment of the matrix ordering, the visual appearance, and the level of detail to individual needs. The hierarchical clustering configuration allows the selection of various similarity measures, linkages, fingerprints and numerical properties. As an alternative to the matrix ordering induced by a clustering, it is possible to adjust the ordering of the properties manually using drag and drop. Utilizing the left sidebar one is able to filter out irrelevant properties. To support the visualization of larger datasets, the heat map view supports a semantic zoom, which automatically adjusts the level of detail displayed by a single tile. When a tile is large enough it displays the exact value of the property. For lower zoom levels the properties are rounded or hidden and the cells are rendered without borders as shown in Fig. [7](#Fig7){ref-type="fig"}. Still, the exact value and molecular depiction can be quickly accessed in the details section of the left sidebar by hovering a tile with the mouse. In order to handle different property types and scales, Scaffold Hunter provides a manual adjustment of the value to color mapping for each individual property. Scaffold Hunter offers gradient or interval based color mappings with adjustable ranges. This feature is also highlighted in Fig. [7](#Fig7){ref-type="fig"}, where different color palettes show different color mapping configurations.Fig. 7Heat map view with individual color mapping and reduced level of detail as a result of the semantic zoom

Other recent developments {#Sec13}
-------------------------

Besides the integration of novel views described above, Scaffold Hunter has been extended by various new features and improved in many ways. In the following, the most important changes are summarized. Several performance improvements have affected multiple modules of Scaffold Hunter. This includes several visualizations, the dataset import and export as well as the calculation of fingerprints and properties. The handling of SD files---especially if they do not fully comply with the technical standard---has become much more robust. Scaffold Hunter now supports the calculation of additional properties for molecules as well as for scaffolds. This has been achieved by a plugin mechanism to support easy extension, which is now also applicable to scaffolds. Among others we have incorporated a plugin for the calculation of the popular extended connectivity fingerprints (ECFP/FCFP) \[[@CR41]\] in various configurations. Recent versions of Scaffold Hunter support chirality and it is possible to individually select whether chiral information is taken into account, e.g., for molecular matching and depiction. The molecular depiction now also offers a cleaner visual appearance with more colors and a better layout of complex structures. Finally, the subset management has been improved and additional operations to generate subsets are now available. Scaffold Hunter supports random sampling of subsets and an operation to split a subset according to its scaffold tree structure into smaller parts.

Results and discussion {#Sec14}
======================

Case studies using the established visualization techniques {#Sec15}
-----------------------------------------------------------

Scaffold Hunter supports the user in analyzing chemical spaces, for example, those of natural products \[[@CR42]\] and large chemical datasets. It has already proven to be useful for various research tasks such as scaffold hopping, target prediction, chemical space analysis and natural product simplification. Natural products are considered as biologically relevant classes with a limited synthetical accessibility. By brachiating along the branches of a natural product scaffold tree, simpler molecules can be identified with similar bioactivity but higher synthetical accessibility \[[@CR43]\]. This brachiation is particularly useful to reduce complex structures to receive natural product inspired compounds which are synthesizeable and retain bioactivity \[[@CR44]\]. The virtual scaffolds are particularly good starting points for synthesis if the parent and child scaffolds exhibit similar bioactivity. In one of the first applications of Scaffold Hunter, these virtual scaffolds were utilized to discover novel pyruvate kinase modulators \[[@CR3]\]. Four virtual scaffolds, identified in a pyruvate kinase assay dataset, served as the basis for a dataset containing compounds possessing one of these virtual scaffolds as substructure. A hit rate of 10% in subsequent tests for pyruvate kinase modulatory function proved this approach as successful. In another analysis, this approach led to a 5-lipoxygenase inhibitor with a novel scaffold and higher ligand-efficacy than the corresponding child scaffold and novel estradiol-like estrogen receptor modulators \[[@CR42]\]. In addition, by merging non-annotated natural products with annotated synthetic molecules Scaffold Hunter can assist to assign a potential target protein to natural products or their simpler scaffolds along a branch. By merging the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma$$\end{document}$-pyrone branch of the Dictionary of Natural Products \[[@CR45]\] and the Wombat database \[[@CR46]\]. Wetzel et al. \[[@CR47]\] were able to identify new inhibitors for several proteins. This approach resulted in a novel class of nonpeptidic small molecule STAT inhibitors which was independently discovered by a high-volume screening approach by Berg et al. \[[@CR48]\]. For acid sphingomyelinase (aSMase) a novel scaffold which exhibits better properties like a lower AlogP value could be identified which do not inhibit the neutral isoform. A third class of proteins which can be targeted by $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma$$\end{document}$-pyrones are monoamine oxidases (MAO). In this case Scaffold Hunter was able to unveil subtype preferences of the corresponding scaffolds. In a similar analysis, a potential target in the antiparasitics domain could be proposed by merging the kinase SARfari data \[[@CR49]\] provided by ChEMBL \[[@CR50]\] with screening data against trypanosomatid parasites \[[@CR6]\].

Case studies using the novel visualization techniques {#Sec16}
-----------------------------------------------------

For a case study to exemplify the use of the novel implemented views, a dataset of 87 carbonic anhydrase (CA) inhibitors was analyzed with Scaffold Hunter. This dataset was assembled by Weber et al. \[[@CR51]\] to create 3D QSAR models that could explain the determined selectivities between three CA isoforms (CA I, CA II and CA IV). The structures including activity data are available for download under doi:10.17877/DE290R-17935. The dataset contains molecules from 6 distinct chemical scaffolds (synthetic routes) that were tested on two cytosolic forms: CA I, CA II and one membrane-bound form: CA IV. The authors stated especially that: (i) scaffold 6 is higher active on the CA II and CA IV than on CA I (ii) the descending order of correlation is: CA II and CA IV \> CA I and CA IV \> CA I and CA II (iii) the descending order of strength of activity is: CA II \> CA IV \> CA I (iv) they predicted compounds A13 and D16 too good for CA I and CA II in some cases for D16. These results could be reproduced with Scaffold Hunter. First, the scaffolds generated by Scaffold Hunter mostly correspond to the scaffold assignments from Weber et al. which is demonstrated by the scaffold tree view. Therefore, the nodes of the scaffold tree were colored according to the scaffold id assigned by Weber et al., see Fig. [8](#Fig8){ref-type="fig"}a. Additionally, the scaffold tree was sorted according to the pKi values of CA II to get a first impression of the activity distribution through the scaffolds. Scaffold 1 (red), scaffold 2 (blue) (with few exceptions) and scaffold 3 (green) are grouped together in the scaffold tree. Scaffold 5 (orange) and 6 (yellow) are pooled together with scaffold 4 (purple) in the benzene scaffold. This is explicable due to the absence of more discriminative ring systems than a benzene. In fact, scaffolds 5 and 6 do not contain any ring system. However, the scaffold classification of Scaffold Hunter is reasonable as it correlates with the inhibitory activities, see Fig. [8](#Fig8){ref-type="fig"}b--d.Fig. 8The scaffold tree view of a dataset of carbonic anhydrase inhibitors. *Colors* indicate the scaffold id (**a**) and the strength of activity against CA I (**b**), CA II (**c**) and CA IV (**d**)

To prove the statements, the molecules were clustered according to their scaffold id from the original publication and the activities were visualized as a heat map, see Fig. [9](#Fig9){ref-type="fig"}. Scaffold 3 and 5 (purple boxes) are more active than the others, and scaffold 4 (yellow box) is less active, which is in accordance to Weber *et al*. One clearly recognizes that scaffold 6 (right part next to right purple box) is less active on CA I. This view furthermore supports that the activities for CA II and CA IV are most related because they are earlier condensed in the dendrogram on the right. Additionally, the order of activity strength though the isoforms can be estimated visually by evaluating the color components, thereby one has to take into account the different ranges of the color gradient on the left side of each row.Fig. 9The heat map view which is clustered according to the scaffold id originating from Weber et al. support the proposed assessment of the scaffolds. *Colored boxes* are not created by Scaffold Hunter

The deviations of predicted and measured pKi values for A13 and D16 can be explained by activity cliffs or a weaker form, i.e., structurally similar compounds exhibit activities which differ more than expected. In Scaffold Hunter structural fingerprints such as the ECFP4 can be calculated and subsequently used to cluster the compounds w.r.t. their structural similarity to reveal activity cliffs, see Fig. [10](#Fig10){ref-type="fig"}. Subsequently, the neighbors of A13 and D16 (selected in Scaffold Hunter and thus red-rimmed) were analyzed. For A13 (left marked column) structurally similar compounds were A10 as well as A11 (left to A13), for D16 (right marked column) A12 (left to D16) is structurally similar which is in good accordance with the results from Weber et al. Nevertheless, the structurally similar molecules to A13 and D16 are more active (more visibly green), which leads to the overprediction observed by \[[@CR51]\]. In summary, the heat map indicates that, despite the structural similarity, the activities differ, see Fig. [10](#Fig10){ref-type="fig"}.Fig. 10The heat map view which is clustered according to the ECFP4 reveals activity differences though structural similarity

To determine the most selective scaffold, Scaffold Hunter provides the condensed tree map view for the comparison of two isoforms, see Fig. [11](#Fig11){ref-type="fig"}. The molecule cloud allows taking all three (or even more) activities into account, see Fig. [12](#Fig12){ref-type="fig"}.Fig. 11The tree map view with the size of the boxes corresponding to the number of molecules of a scaffold and the *color* according to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta$$\end{document}$pKCAI--CAII. *Green color* indicate less selectivity, whereas *blue color* indicates more selectivity in favor of CAII Fig. 12The cloud view maps the similarities of the molecules w.r.t. the three pKi values to a 2D space so as to molecules with similar pKi values are adjacent. The *color* indicates the scaffold id assigned by Weber et al. from *blue* corresponding to scaffold id 1 and *green* corresponding to scaffold id 6

Conclusions and outlook {#Sec17}
=======================

Scaffold Hunter has evolved from a tool to visualize the scaffold tree to a visual analytics platform for cheminformatics. We presented the most recent developments and new features of the software package. Besides various technical improvements this includes three completely new visualizations as major innovations. The tree map, heat map and molecule cloud view complement the established views and make the software applicable to additional use cases.

Scaffold Hunter supports two approaches to build hierarchical groups of molecules, the scaffold tree and SAHN clustering, which can be configured to use different similarity measures. For future work we plan to develop visualization techniques for the comparison of (hierarchical) clusterings. Moreover, we would like to focus on the scaffold concept and develop more flexible approaches for visualizing their relations. The scaffold tree approach requires to select a single parent scaffold in order to simplify the structural relations. However, for some tasks this is too restrictive and other selection criteria could be useful, e.g., based on bioactivity \[[@CR43]\]. Considering all parent relations leads to a directed acyclic graph or a scaffold network \[[@CR52]\] and visualization becomes a challenging task. To take this into account, we would like to develop a visualization, which allows the user to adjust the visual complexity in an interactive fashion to find the right balance.

Since workflow environments such as KNIME are enjoying growing popularity in cheminformatics, we plan to integrate individual analysis methods and visualization techniques of Scaffold Hunter into the KNIME platform in the future.

Availability and requirements {#Sec18}
=============================

Scaffold Hunter is free software and is available under the GPLv3 License at <http://scaffoldhunter.sourceforge.net>. The latest version of Scaffold Hunter at the time of publication is 2.6.3, new versions are released on a regular basis. Since Scaffold Hunter is written in Java, it is platform independent and runs on Linux, Mac, Windows and other operating systems. Scaffold Hunter comes as a portable, ready to run bundle, which requires no installation procedure. A special demo mode provides a ready to use small molecular database to try out Scaffold Hunter's functionality with a single click. In this demo mode, there is no need to import molecular datasets or calculate scaffold trees, fingerprints and other attributes, i.e., to deal with any configuration procedure before using the visual analytic tools. The demo mode uses the dataset and view configurations, which were already used for the case study in section "[Case studies using the novel visualization techniques](#Sec16){ref-type="sec"}". Furthermore, the demo mode includes other pre-configured views to show many visual features of Scaffold Hunter and classical use cases. You can download the demo package of the current Scaffold Hunter version here: <https://sourceforge.net/projects/scaffoldhunter/files/>. If the demo mode convinces you to try out Scaffold Hunter on your own data, it is also easy to set up. For regular use cases, the embedded HSQLDB database backend only requires you the selection a file system location where the imported molecular datasets are stored. Scaffold Hunter is then ready to import molecular datasets (such as SDF-Files), compute scaffold trees and show the above described views on the imported data. Optionally, it is also possible to install a MySQL or MariaDB database server for optimal performance on large datasets and collaborative features.

A simple step by step tutorial to get started with Scaffold Hunter is available at <http://scaffoldhunter.sourceforge.net/tutorials.html>. If you have any further questions regarding the usage of Scaffold Hunter you can read the bundled manual, have a look at the FAQ <http://scaffoldhunter.sourceforge.net/wiki/doku.php?id=faq> or ask your question on our user mailing list <http://scaffoldhunter-userslists.sourceforge.net>.

Development process {#Sec19}
-------------------

Scaffold Hunter is available as open-source software and participation in the development process is encouraged. The internal organization of the code uses well defined interfaces for all parts of the software. Each public method, class or interface is fully documented using JavaDoc (undocumented code is issued as warning). We use unit testing and have a review process in which each bug-fix or feature update must pass the review of a different developer before being integrated. The software and user documentation is build using Apache Ant.
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